It is well recognised that meniscal tears situated within the inner, avascular region do not heal. We investigated the potential effect of insulin-like growth factor-I (IGF-I) in promoting regeneration of meniscal tissue in the inner, middle and outer zones of the meniscus. Sheep menisci were harvested and monolayer cell cultures prepared. Various concentrations of IGF-I were used in the presence or absence of 10% fetal calf serum (FCS). We measured the uptake of radioactive thymidine, sulphur, and proline to assess cell proliferation and formation of extracellular matrix (ECM). IGF-I, in the presence or absence of FCS, increased the formation of DNA and ECM in all meniscal zones. However, the response of the cells from the avascular zone was greater than that from the vascular zone. Our findings indicate that fibrochondrocytes cultured from avascular meniscal tissue have the ability to regenerate when exposed to anabolic cytokines such as IGF-I.
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The meniscus is an integral component of the knee and makes a major contribution to its biomechanics. It protects the articular cartilage both by redistributing joint loads and through shock absorption. [1] [2] [3] [4] Meniscectomy alters the normal biomechanics of the knee and accelerates the development of osteoarthritis in most patients. [5] [6] [7] [8] [9] [10] Tears are by far the commonest disorder affecting the meniscus especially in young and middle-aged active adults. 10, 11 Their management varies according to many factors including the size and the site of the tear. 12, 13 The work of King 14 in 1936 and, more recently, that undertaken by other researchers, [15] [16] [17] has shown that meniscal healing depends mainly on the vascularity of the zone which has been injured. The peripheral zone has good healing potential, whereas tears in the avascular zone rarely heal.
Several growth factors are involved in the repair and regeneration of musculoskeletal tissues. [18] [19] [20] Insulin-like growth factor-I (IGF-I) is a major mediator in all stages of wound healing, including inflammation, and its absence dramatically impairs healing in most connective tissues. [21] [22] [23] Our aim was to assess the regenerative potentional of meniscal cells (fibrochondrocytes) harvested from the inner, middle, and outer regions of the meniscus when exposed to IGF-I in a dose-dependent manner. In particular, we wished to investigate whether or not cells from the avascular regions of the meniscus had the ability to proliferate and to produce extracellular matrix (ECM), in a manner similar to those of the vascular region, when exposed to IGF-I in vitro.
Materials and Methods
We obtained 12 lateral menisci from six sheep from the local abbatoir. The animals were of mixed sex and aged between six and 12 months. After removing the highly vascular anterior and posterior horns, and the peripheral capsular attachments, the menisci were divided radially into slices 5 mm in size. Each radial slice was then divided into three equally spaced zones 3 mm thick: an inner (whitewhite zone), middle (red-white zone), and outer (red-red zone). All the pieces were grouped according to their zone and digested in 0.02% collagenase (GIBCO; Invitrogen Ltd, Paisley, UK) for 14 hours at 37˚C to release the cells from the surrounding ECM. The digests were filtered to remove any undigested material using cell strainers with a pore size of 70 µm (Falcon BD; Fred Baker Scientific, Cheshire, UK). The filtrates were then centrifuged at 1300 rpm for ten minutes to separate the cells. The pellets of cells were re-suspended and cultured in 75 cm 2 flasks (Greiner Bio-one Ltd, Gloucestershire, UK) containing Dulbecco's Modified Eagle's medium (DMEM; GIBCO, Invitrogen Ltd) supplemented with 10% fetal calf serum (FCS; Globepharm Ltd, Surrey, UK), 0.1% penicillin/streptomycin (100 U/ml and 100 µg/ ml, respectively; GIBCO, Invitrogen Ltd) and 50 µg/ml of ascorbic acid (Sigma-Aldrich Ltd, Poole, UK). The cultures were kept in a CO 2 incubator (5% CO 2 and 95% air) at 37˚C.
Once confluent, the cells were trypsinised and randomly divided into two different groups, one containing medium supplemented with 10% FCS and the other containing serum-free medium. They were placed in 96-well plates (Greiner Bio-one) at a cell density of 2 x 10 4 . Recombinant human IGF-I (R&D Systems Inc, Oxon, UK) was used at concentrations of 0 (control), 1, 10, 100 and 200 ng/ml, and the experiments were performed in triplicate. The cells were exposed to IGF-I for 48 hours in total. Assessment of cell proliferation. This was measured by the incorporation of radiolabelled thymidine ( C-proline along with specific concentrations of IGF-I according to the experimental design. The experiments were carried out in triplicate and the results were compared with control samples. Scintillation counting. After 48 hours of exposure to IGF-I and the radioactive precursors, the culture medium was removed and the cells washed three times with phosphatebuffered saline (PBS;GIBCO, Invitrogen Ltd) to remove unincorporated radioactive precursors. The fibrochondrocytes present in each well were lysed using 0.2% lysis buffer, and a sample of this digestate was added to 2 ml of scintillation fluid and the incorporation of the radioactive The geometric mean (with 95% CI) uptake of 3 H-thymidine incorporated into newly-formed DNA in the cells of the inner, middle and outer zones of the meniscus in serum-supplemented medium. Fig. 3 The geometric mean (with 95% CI) uptake of 35 SO 4 incorporated into newly-formed GAGs of the ECM of the inner, middle and outer zones of the meniscus in serum-supplemented medium.
precursor(s) measured (disintegrations per minute (DPM) using a scintillation counter (Wallac 1409; PerkinElmer Life Sciences Ltd, Cambridge, UK). Each sample was read for five minutes. Statistical analysis. This was performed using SigmaStat for Windows computer software (version 2.03, SPSS UK Ltd, Surrey, UK) under the supervision of our Medical Statistics Department. Statistical significance was assessed using two-way analysis of variance taking into consideration both the effect of the concentration of IGF-I used and the zonal origin of the cells. The results for each group, serum-free and serum-supplemented, were analysed separately. When data were not normally distributed, logarithmic transformation of the data was carried out. Tukey's test for multiple comparisons was performed. We considered a p value of < 0.05 to be statistically significant.
Results
In the primary monolayer cell culture, the cells reached confluence in seven to ten days. They were a mixture of phenotypes; oval or spindle-shaped cells which normally exist in the superficial layer of the meniscus, and round-shaped cells which are found predominantly in the deep layer (Fig. 1) .
In the serum-supplemented media group, there was an eight-to ten-fold increase in the uptake of thymidine in the inner and middle zones using concentrations of IGF-I of 100 or 200 ng/ml, compared with the control experiments (p < 0.001). In the outer zone there was a 3.5-fold increase in the uptake of thymidine at a concentration of IGF-I of 200 ng/ml (p = 0.002) (Fig. 2) . The uptake of sulphur increased by between three-and five-fold in all three zones of the meniscus when exposed to a concentration of IGF-I of 200 ng/ml (p < 0.05) (Fig. 3) . Similarly, the uptake of radiolabelled proline was increased three-fold in all three zones at concentrations of IGF-I 100 and of 200 ng/ml (p < 0.001; Fig. 4 ; Table I ).
In the serum-free media group, there was a four-to fivefold increase in the uptake of thymidine in all zones of the meniscus (p < 0.05) (Fig. 5) . The uptake of sulphur was increased by 2.5-fold in all three zones of the meniscus using concentrations of IGF-I of 100 and 200 ng/ml (p < 0.05; Fig. 6 ). The uptake of proline was increased by ten-to 16-fold in all three meniscal zones using concentrations of IGF-I of 10, 100, and 200 ng/ml (p < 0.05; Fig. 7 ; Table II) .
Overall, in every experiment, there was a statistically significant interaction between the concentration of IGF-I and the meniscal zone (p < 0.05). In addition in both the serumfree and in the serum-supplemented experiments, irrespective of the precursor under investigation, the differences in the mean value of uptake of precursors were statistically The geometric means (with 95% CI) uptake of 14 C-proline incorporated into newly-formed proteins of the ECM of the inner, middle and outer zones of the meniscus in serum-supplemented medium. The geometric mean (with 95% CI) uptake of 3 H-thymidine incorporated into newly-formed DNA in the cells of the inner, middle and outer zones of the meniscus in serum-free medium. significant (p < 0.05) at all concentrations of IGF-I and in all meniscal zones.
Discussion
The sheep meniscus has been shown to have peripheral vascular and inner avascular zones which respond to injuries like those of the human meniscus. [24] [25] [26] In addition, Joshi et al 27 reported that the sheep meniscus is an excellent experimental model since its mechanical properties closely match those of the human meniscus.
Studies have shown that 'red-red' tears, which involve the outer meniscus, can heal after surgical repair whereas 'white-white' tears, involving the inner avascular zone, do not. 28, 29 It has been postulated that the lack of certain cytokines or growth factors may account for this variation. Arnoczky, Warren and Spivak 30 in their experiments on meniscal tears involving the avascular zone in dogs, showed that the introduction of a fibrin clot around a meniscal tear enhanced meniscal regeneration. Ochi et al 31 reported that rasping the edge of meniscal tears created in the avascular zone of rabbit menisci increased the production of cytokines which presumably was responsible for improving healing.
We chose IGF-I because of its known stimulatory effect on musculoskeletal soft tissues. Several studies have shown that IGF-I contributes to the healing of tendons 18, 32, 33 and repair of articular cartilage. [34] [35] [36] [37] However, there have been no studies in the literature which have explored the role of IGF-I in meniscal regeneration, although a few have investigated the effects of growth factors such as platelet-derived growth factor (PDGF), fibroblast-derived growth factor, and transforming growth factor on meniscal tissue. 24, [38] [39] [40] [41] Spindler et al 24 reported that unlike cells from the vascular zone, fibrochondrocytes cultured from the inner avascular zone were not stimulated by PDGF. They concluded that the inner zone lacks the ability to regenerate. 24 In our study, IGF-I was clearly capable of stimulating the activity of fibrochondrocytes in keeping with cell proliferation and formation of ECM in all zones of the meniscus including the avascular zone. In addition, IGF-I stimulated the activity of fibrochondrocytes when used either singly or in combination with 10% FCS.
Interestingly, IGF-I increased the uptake of thymidine and presumably the formation of DNA more in the inner zone than in the outer zone of the meniscus in the presence of serum.
Our findings indicate that meniscal cells, and more importantly cells from the avascular zone, are capable of responding favourably to the addition of IGF-I. After stimulation with this growth factor, these cells express their intrinsic potential to proliferate and generate new ECM. Finally, our results suggest that it may be possible in the The geometric mean (with 95% CI) uptake of 35 SO 4 incorporated into newly-formed GAGs of the ECM of the inner, middle and outer zones of the meniscus in serum-free medium. The geometric means (with 95% CI) uptake of 14 C-proline incorporated into newly-formed proteins of the ECM of the inner, middle and outer zones of the meniscus in serum-free medium.
future to augment meniscal repair and to advance tissueengineering methods in order ultimately to create meniscal replacements by using suitable growth factors.
